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Introduction
Two-component signaling (TCS) systems mediate a wide spectrum of signaling events in prokaryotic and eukaryotic organisms by sensing and responding to various signals. The canonical TCS consists of a membrane-bound sensor histidine kinase (HK) that senses the signals and gets autophosphorylated on the conserved His residue in the kinase domain (Stock et al., 2000) . The signal is transmitted as a phosphoryl group to the conserved Asp residue in the receiver domain (RD) of a response regulator (RR). Compared to the prokaryotic TCS systems, the eukaryotic TCS system is more complicated because of the presence of a multi-step phosphorelay (MSP) (Appleby et al., 1996) . This is necessitated by the presence of RRs in the nucleus while the receptors occur on outer membranes. Therefore, the MSP signaling system follows a sophisticated His-Asp-His-Asp phosphorelay among the multiple signaling intermediates.
The signal transduction pathway of cytokinins, a major class of plant hormones, is an example of the MSP signaling system in plants (To & Kieber, 2008; Hwang et al., 2012) . In Arabidopsis thaliana, the hybrid sensor kinase family consists of ARABIDOPSIS HISTIDINE KINASE 2 (AHK2), AHK3 and AHK4/CRE1/WOL1 that function as cytokinin receptors (Inoue et al., 2001; Suzuki et al., 2001) , AHK1 which is a putative osmosensor (Tran et al., 2007) and CKI1 and AHK5 that are cytokinin-independent HKs (Desikan et al., 2008; Deng et al., 2010) . Autophosphorylation of AHKs at the conserved His in the kinase domain initiates MSP, which is then relayed intramolecularly to the conserved Asp in the RD (Hwang et al., 2012) . The RD transfers the phosphate group to Histidine phosphotransfer proteins (Hpts), namely, the Arabidopsis Histidine phosphotransfer Proteins (AHPs), which in turn, transmit the phosphoryl group to conserved Asp in the RD of Arabidopsis Response Regulators (ARRs) located mainly in the nucleus. The phosphorylation of ARRs results in their activation, which mediate cytokinin-regulated responses. Two families, namely, type-A and type-B ARRs are involved in this MSP. Arabidopsis has 10 type-A ARRs (ARR3-9 and ARR15-17) (Muller & Sheen, 2007) , which are primary transcriptional targets of cytokinin signaling, being rapidly upregulated upon cytokinin treatment (Hwang & Sheen, 2001 ). There are 11 type-B ARRs (ARR1, ARR2, ARR10-14 and ARR18-21) that consist of an RD at the N-terminus and a DNA-binding domain at the C-terminus (Hosoda et al., 2002) . They are transcriptional activators of cytokinin-regulated genes, including type-A ARRs, thereby functioning as positive regulators of cytokinin signaling (Hwang & Sheen, 2001 ).
Furthermore, in depth molecular characterization of different cytokinin signaling intermediates helped to identify cognate Hpt, type-A RR and type-B RR proteins in rice (Tsai et al., 2012) . Characterization of selected rice RRs has shown that they function in a manner similar to their Arabidopsis counterparts (Hirose et al., 2007) .
The phosphorylated (activated) type-A ARRs negatively regulate cytokinin signaling and phosphorylation at the conserved Asp is a prerequisite for their function (Lee et al., 2008) .
This also highlights that interaction of AHPs with type-A ARRs and phosphorelay from the former to the latter is a critical step for cytokinin signaling cascade. Several studies have validated the interaction and phosphotransfer between AHPs and type-A ARRs using yeast two-hybrid assay and monitoring the transfer of radioactively labeled PO 4 3-group (Imamura et al., 1998; Mira-Rodado et al., 2007) .
Structural snapshots of the mechanistic basis of interaction and phosphotransfer between RDs and Hpts were obtained from protein complex crystal structures of TCS intermediaries.
Examples are available from organisms belonging to various kingdoms, such as, CheA 3 P1•PCheY 6 from Rhodobacter sphaeroides (Bell et al., 2010) , SLN1 RD -YPD1 and SLN1 RD -YPD1•Mg 2+ •BeF 3-from Saccharomyces cerevisiae (Xu et al., 2003; Zhao et al., 2008) , as well as from the recently published AHK5 RD -AHP1•Mg 2+ complex from Arabidopsis (Bauer et al., 2013) . Importantly, AHK5 RD -AHP1 complex structure is the first crystal structure of a plant HK RD -Hpt complex. However, it is noteworthy that the two complex structures from eukaryotes mentioned above only represent the 'Asp-His' interaction, which corresponds to the middle portion of His-Asp-His-Asp phosphorelay. The structural details of the final HisAsp step i.e., interaction and phosphotransfer between Hpts and RR RD have not been studied so far. This could be partly because of the problems associated with the procurement of high yields of recombinant ARR proteins with significant purity (Verma et al., 2013 ). An alternative approach to address this knowledge gap could be generation of homology models using available structural information followed by structure-function analysis. A critical comparison of the structures of different receiver domains, e.g., CheY; RR (Escherichia coli) (Lee et al., 2001) , SLN1 RD ; HK RD (S. cerevisiae) (Xu et al., 2003) and CKI1 RD , AHK5 RD (Arabidopsis, both are HK RD ) (Muller-Dieckmann et al., 1999; Pekarova et al., 2011) revealed that RDs from HKs and RRs possess similar (α/β) 5 fold across kingdoms. This signifies that the available crystal structures can serve as templates for building computational models of HK RD and RR RD .
In this study, we generated an in silico model of AHP1 complexed with 16-175 amino acid region of ARR4 (henceforth, this region will be referred to as ΔARR4 ) to interpret the final step (Hpt-RR) of cytokinin signal transduction. Mutations in key amino acid residues of ARR4 identified from AHP1-ΔARR4 interaction interface resulted in either abolition or weaker interactions with AHP1 in a yeast two-hybrid assay. Interactions of cognate protein pairs from Arabidopsis and rice were also tested. In planta analyses of two mutants of ARR4, which showed weakened interaction with AHP1, also showed weakened cytokinin signaling. The mutants showed weaker rescue of root elongation, a cytokinin-mediated developmental event, as compared to wild-type ARR4. Co-IP analysis provided a biochemical explanation of the observed differences in root elongation. Our results help to explain the structure-function relationship of AHP1-ARR4 interaction, which is a critical step in cytokinin signaling.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia-0 (Col-0) plants were used as wild-type control for in planta experiments. Plants were grown at 23 °C under long-day conditions (16 h light/8 h dark). All transgenic plant lines were generated in arr3, 4, 5, 6, 8, 9 hextuple mutant background in which six type-A ARRs (ARR3, ARR4, ARR5, ARR6, ARR8 and ARR9) were knocked-out (To et al., 2004) . Seeds of the hextuple mutant (CS25279) were obtained from the Arabidopsis Biological Resource Centre (http://www.abrc.osu.edu).
For seedling assays, the seeds were surface-sterilized and sown on Murashige and Skoog (MS) semi-solid medium (Caisson LABS) containing 1X MS, 0.05% MES, 1% sucrose and 0.6% Gelrite™ (https://www.plantmedia.com/), unless stated otherwise. They were subsequently stratified at 4 °C for 3 d in the dark followed by incubation at 23 °C under constant white light (~50 µE/m 2 /s) (To et al., 2004) .
Plasmid construction
Full-length cDNAs encoding AHP1, ARR4, ΔARR4 , AHP2, ARR5, OsHP1 and OsRR6 were amplified by PCR and cloned into pJET vector (Thermo Scientific). The various mutant versions of ARR4, ARR5 and OsRR6 were generated by site-directed mutagenesis approach. All clones were verified by sequencing. For yeast two-hybrid assay, AHP1, AHP2
and OsHP1 were cloned into HA tag containing pGADT 7 vector (Clontech), whereas, ARR4, 
ΔARR4
Generation of transgenic plants
The hextuple mutant (arr3,4,5,6,8,9) & Bent, 1998) . Selection was done using BASTA (2 ml/l) spray followed by genotyping-PCR of the survivors for confirmation. The transgenic lines were taken to T3 generation for homozygosity before they were used for analyses.
Homology modeling and identification of AHP1 -ARR4 contact points
Full-length protein sequence of AHP1, ΔARR4 and OsRR6 were submitted to SWISS MODEL (http://www.swissmodel.expasy.org) and the coordinates were generated. The models of the individual proteins were superimposed on the SLN1 RD -YPD1 complex crystal structure (PDB id: 2R25) (Zhao et al., 2008) using COOT software (Emsley & Cowtan, 2004) to generate the complex model coordinates. Subsequently, these coordinates were energy minimized. These model coordinates were used to calculate the interaction interface of the two proteins by the CCP4 program.
Yeast two-hybrid assay
The yeast two-hybrid experiment was performed as per the manufacturer's protocol for Matchmaker GAL4-based two-hybrid system (Clontech). For AHP1 and ARR4 interaction, the presence of both the proteins in the respective yeast cells were detected by Western blot analysis of the transformed cells using anti-HA and antimyc antibodies (Santa Cruz) for AD and BD vector clones, respectively. Total proteins were extracted from overnight yeast cultures (3 ml, with cell density normalized to the culture with lowest OD 600 ) as described (Riezman et al., 1983) . To ensure equal loading, each extract was subjected to 50% trichloroacetic acid (TCA) precipitation and the resultant protein pellets were resuspended in 100 µl of 2x SDS loading dye prior to SDS PAGE.
Bimolecular fluorescence complementation (BiFC)
The fusion constructs of cEYFP-AHP1, nEYFP-ARR4, nEYFP-ARR4 D45A and nEYFP-ARR4 Y96A were introduced into Agrobacterium tumefaciens strain GV3101. The colonies were grown overnight and the next day 1 ml culture pellet for each construct was resuspended in infiltration buffer (10 mM MES pH 5.6, 10 mM MgCl 2 and 100 µM acetosyringone) to get a final OD 600 of 0.6. Equal volumes of infiltration solution of the pair of constructs to be tested for interaction were mixed and incubated for 3 h at room temperature with gentle shaking. After incubation, leaves from three-week-old Nicotiana benthamiana plants were infiltrated with the Agrobacterium mixture on their abaxial surfaces using a syringe (Walter et al., 2004) . The leaves were examined for YFP signal three days post-infiltration using Carl Zeiss 510 Meta laser scanning confocal microscope (http://www.zeiss.de/axiovert200) with excitation at 514 nm. All images were recorded with the same settings. The signal intensity was measured using ImageJ software (National Institute of Health, USA).
Protoplast isolation and transfection for GFP localization
The protoplasts were extracted from leaves of 3-to 4-week-old Arabidopsis (Col-0) plants (Yoo et al., 2007) . were monitored by laser scanning microscopy as above, but with excitation at 488 nm.
Expression of 35S::GFP was used as a control.
RNA extraction, cDNA synthesis and quantitative real time-PCR (qRT-PCR)
Total RNA was extracted from10-day-old seedlings of wild-type ( StepOne TM software (v2,1; Applied Biosystems) was used for data analysis from two independent biological replicates.
Root elongation assay
Arabidopsis seedlings were grown in culture petri plates containing MS medium supplemented with the indicated concentrations of BA or 0.1% DMSO (solvent). The plates were incubated vertically for 10 d in continuous light (To et al., 2004) . The positions of roots were marked on the plates on 4 th and 9 th day and the plates were photographed on the 10 th day. The root growth of root between days 4 and 9 was measured using ImageJ software.
Data presented are means ± SE from at least 30 seedlings per transgenic line per treatment with at least two independent transgenic lines for each construct.
ARR7 response to cytokinin treatment
For treatment with cytokinin, the seedlings were grown on horizontal MS plates with 0.5%
Gelrite. 10-day-old seedlings were transferred to 1X liquid MS supplemented with 50 nM BA and samples were collected at 0, 30 and 60 min of treatment (To et al., 2004) . RNA extraction, cDNA synthesis and qRT PCR were performed as mentioned above. Expression of ARR7 was analyzed from two independent biological replicates.
Analysis of protein levels in transgenic lines
Total protein was extracted from 10-day-old seedlings of the different transgenic lines used for the study using 100 mM Tris HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, Sciences) (To et al., 2007) . Protein extracts were separated by SDS-PAGE and transferred to PVDF membrane (BIORAD). HA-tagged proteins were detected using anti-HA antibody (Santa Cruz) and visualized by chemiluminescent detection (Thermo SCIENTIFIC) by autoradiography. Subsequently, the membranes were stained with Ponceau and Rubisco protein band was used as loading control.
For examining the protein stability, 10-day-old seedlings were treated with 200 µM cycloheximide for different time points (0, 30, 60, 90, 120 min) and western blot was done as mentioned above. Signals were quantified using Image J (National Institute of Health).
Co-IP of ARR4-HA, ARR4
D45A -HA and ARR4 Y96A -HA using recombinant GST-AHP1
14-day-old seedlings of one representative transgenic line each of wild-type ARR4 and two mutant versions of ARR4 were treated with 10 nM BA for 45 min. Subsequently, total protein was extracted in 400 mM sucrose, 50 mM Tris HCl (pH 7.5), 10% glycerol and 2.5 mM EDTA. Recombinant GST-AHP1 was expressed and purified as described (Verma et al., 2013) , but the GST tag was not cleaved. The protein concentration for recombinant GST-AHP1 and seedling extracts were estimated using Direct Detect ® Spectrometer (MERCK MILLIPORE). 2 µg of GST-AHP1 protein was immobilized onto 30 µl of Glutathione Sepharose 4B (GE Healthcare) beads. Subsequently, about 20 µg of seedling protein extracts from representative transgenic lines were added to the immobilized GST-AHP1 in independent reactions and incubated for 2 h at 4 °C in the Co-IP buffer (50 mM Tris HCl, 100 mM NaCl, 10% glycerol, 5 mM EDTA, 0.1% Triton X-100). Subsequently, the beads were washed 3 times with Co-IP buffer to remove non-specific binding. Finally, the samples were boiled with 1X SDS loading buffer for 10 min and subjected to SDS-PAGE. Proteins were transferred to PVDF membrane (BIORAD) and probed with anti-HA (Roche) antibody and reprobed with anti-GST (Sigma) antibody.
Results
Generation of a homology model for AHP1-ΔARR4 (16-175) complex
In order to understand the structural basis of AHP1-ARR4 interaction, we generated a homology model for AHP1-ΔARR4 (16-175) using SLN1 RD -YPD1•Mg2 + •BeF 3-complex crystal structure (PDB id: 2R25) as the template (Zhao et al., 2008) . The sequence similarity of AHP1 with YPD1 is ~44% (Fig. 1a) . The sequence similarity of 16-175 amino acid region of ARR4 (putative receiver domain) with the receiver domain (R1; 1086-1221) of SLN1 is ~42% (Fig. 1b) For generating the complex model AHP1-ΔARR4 , we employed the crystal structure of AHP1 (PDB id: 4EUK) (Bauer et al., 2013) . It consists of six α-helices in which four helices bundle to form a central core (shown in red in Fig. 1c ). His79, the conserved histidine required for phosphorylation extends from one of the helices of the bundle (inset in Fig. 1c ).
However, for ΔARR4 , a predicted 3-dimensional structured was used. The predicted structure depicted a central core of five parallel β-strands enveloped by five α-helices in groups of two and three, giving an (α/β) 5 topology (shown in green in Fig. 1c) . The conserved residues such as Asp41, Asp95 and Lys147 form a pocket (inset in Fig. 1c ) that resembles the phosphate-binding pocket of other response regulators (Bourret, 2010) . Moreover, the (α/β) 5
fold exhibited by ΔARR4 model is similar to the structures of other receiver domains, such as, CKI1 RD from Arabidopsis (PDB id: 3MMN; ~49% sequence similarity) (Pekarova et al., 2011) , CheY 3 from Vibrio cholerae (PDB id: 3TO5; ~46% sequence similarity), AHK5 RD from Arabidopsis (PDB id: 4EUK; ~39% sequence similarity) (Bauer et al., 2013) and SLN1 RD from S. cerevisiae (PDB id: 2R25; 27% sequence similarity) (Zhao et al., 2008) . The complex model clearly depicted that residues from the two proteins that are required for phosphotransfer are in close proximity at the interface (inset in Fig. 1c ).
AHP1-ΔARR4
AHP1-ΔARR4 (16-175) complex model mimics natural Hpt-RR complexes
The computational model of AHP1-ΔARR4 complex showed significant alignment with the complex crystal structures of CheA 3 P1-CheY 6 (PDB id: 3KYI; rmsd of 3.2 Å for 191
Cα atoms) (Bell et al., 2010) , SLN1 RD -YPD1 (PDB id: 2R25; rmsd of 1.49 Å for 223 Cα atoms) (Zhao et al., 2008) and AHK5 RD -AHP1 (PDB id: 4EUK; rmsd of 1.72 Å for 252 Cα atoms) (Bauer et al., 2013) (Fig. 2a) . Interestingly, the independent proteins better superimpose than the complex. It indicates possible differences in the relative disposition of the two molecules in the complex compared to the complexes of its homologs. Fig. 2(b) shows the structure based alignment which reveals the conserved position of the key amino acids among these structural homologs. Taken together, it suggests that the in silico AHP1- complex model mimics the natural complexes.
ΔARR4
We next investigated if the ΔARR4 region is functional by examining its ability to interact with AHP1 in the yeast two-hybrid system. Both full-length ARR4 and ΔARR4 were able to interact with AHP1, because yeast cells harboring AD-AHP1 and BD-ARR4 or BD-ΔARR4 (16-175) grew on Leu -/Trp -/His -/Ade -medium (Fig. 2c) . On the contrary, no growth was observed for yeast cells containing empty AD vector with BD-ARR4 or BD-ΔARR4 . Normal growth was observed on Leu -/Trp -confirming efficient yeast transformation.
Identification of amino acid residues of ARR4 which affect its interaction with AHP1
To identify the key amino acids involved in AHP1-ARR4 interaction, intermolecular interaction analysis was conducted (<3.8 Å) with the AHP1-ΔARR4 (16-175) complex (Table   S1 ). Based on this analysis, 12 residues of ARR4 were identified to interact with AHP1 in which 5 amino acids namely, Asp45, Arg51, Tyr96, Cys97 and Pro148 has more interactions, and were selected for subsequent studies [Fig 3(a) shows mapping of these residues on AHP1-ΔARR4 complex model]. It is noteworthy that the selected interacting residues (except Cys97) are conserved among all the 10 members of type-A ARR family (Fig. S1 ).
Cys97 was conserved in 6 of the 10 members.
To test if the ARR4 amino acid residues selected using in silico approaches are indeed involved in interaction with AHP1, each of the five amino acids was individually mutated to Ala in full-length ARR4. The individual mutants were tested for interaction with AHP1 in the yeast two-hybrid system (Fig. 3b) To further verify the weakening of interaction due to mutation of ARR4 at Asp45 and Tyr96
to Ala, ARR4 D45A and ARR4 Y96A mutants were tested for interaction with AHP1 in Nicotiana benthamiana leaves using BiFC. The YFP signals were observed for all three, namely, wildtype and two variants of ARR4, but the signal intensity was maximum for ARR4 followed by ARR4 Y96A and then ARR4 D45A (Fig. 3d,e) . This further confirmed that the two proteins were able to interact despite the mutations, however, interaction affinity was in the following declining order ARR4 > ARR4 Y96A > ARR4 D45A , thereby validating the yeast two-hybrid results. No signals were observed when the two vectors containing only the YFP fragments were infiltrated ensuring that the signals obtained for AHP1-ARR4 interaction were not due to non-specific contacts (Fig. 3d) .
The selected Asp and Tyr residues of ARR4 were conserved in ARR5 (Fig. S1 ) as well as in OsRR6, a rice type-A response regulator (Fig. S3) . Further, the superposition of the computational model of OsRR6 onto ARR4 model clearly showed that the selected residues of OsRR6 exhibit similar three dimensional orientation as observed for the corresponding ARR4 residues (Fig. 3f) (Fig. 3g) . ARR5 D36A or ARR5 Y88A did not show any interaction with AHP2. On the other hand, OsRR6 D61A showed weakened interaction with OsHP1 (exhibited by serial dilution), whereas OsRR6 Y104A failed to interact with OsHP1. These data further validated the involvement of the selected amino acids in mediating the interaction with Hpts.
D45A and Y96A point mutations did not alter ARR4 protein stability in Arabidopsis
As a definitive validation of the functional relevance of weakened AHP1-ARR4 interaction in the native environment, we generated transgenic Arabidopsis lines overexpressing (Fig. 4a,b ).
To test if the mutations have altered the relative protein stability of the HA-tagged fusion proteins in planta, we examined the protein turnover rates in one representative transgenic line each for #2-2-ARR4-HA, #3-1-ARR4 D45A -HA and #3-1-ARR4 Y96A -HA. Detection of relative protein levels at 30, 60, 90 and 120 min after cycloheximide treatment showed that the protein turnover rates for the three proteins were comparable, thereby confirming that mutations have not affected the stability of the protein (Fig. 4c-f ).
D45A and Y96A mutations weakened ARR4-mediated cytokinin response
To investigate the effect of mutations on ARR4-mediated cytokinin functions, we employed the root elongation bioassay, which is one of the best-characterized responses of cytokinin (To et al., 2004) . Examination of wild-type (Col-0) and hextuple mutant seedling roots at 0, 5, 10, 50 and 100 nM N 6 -benzyladenine (BA) concentrations showed that the root length of hextuple mutants was significantly inhibited at 5 and 10 nM BA, compared to Col-0 (Fig.   S5 ). Nevertheless, at 50 and 100 nM concentrations, even wild-type root growth was retarded. The data are consistent with earlier reports (To et al., 2004 -HA,) were tested for primary root elongation at 5 nM and 10 nM BA concentrations (Fig. 5a,b ). An additional transgenic line for each of the three constructs, viz. #8-1-ARR4-HA, #4-1-ARR4 D45A -HA and #5-1-ARR4 Y96A -HA was also included for the assay (Fig. S6) . We observed that in the absence of exogenous cytokinin i.e., 0 nM BA, primary root growth was similar for all seedlings including wild-type (Col-0) and hextuple mutants. On the contrary, at 5 nM and 10 nM BA, 35S::ARR4-HA exhibited longer primary roots than the two weaker interacting mutants and the hextuple knock-out seedlings.
To further examine the impact of mutations on ARR4 functions, we treated the transgenic seedlings of #6-2-ARR4-HA, #3-1-ARR4 D45A -HA, #5-1-ARR4 D45A -HA, #1-3-ARR4 Y96A -HA and #3-1-ARR4 Y96A -HA with 50 nM BA and analyzed the expression levels of ARR7, an early cytokinin response gene. To et al., (2004) have shown that upon cytokinin treatment transcript levels of ARR7 were much higher in the hextuple mutant than the wild-type reaching to maximal levels at 30 min. This is due to the lack of negative feedback regulation offered by other type-A ARRs. ARR7 levels were significantly lower in #6-2-ARR4-HA as compared to the hextuple mutant, #3-1-ARR4 D45A -HA, #5-1-ARR4 D45A -HA, #1-3-ARR4 Y96A -HA and #3-1-ARR4 Y96A -HA at 30 min of BA treatment (Fig. 5c ). This clearly showed that wild-type ARR4 was able to significantly suppress ARR7 expression, whereas the two mutants did not significantly suppress ARR7 transcript levels. Together, these results highlighted that wild-type ARR4 was able to rescue hextuple mutant more efficiently, as compared to the minimal rescue exhibited by the two weak interacting mutants of ARR4.
D45A and Y96A mutations weakened ARR4 binding to AHP1
To investigate if the observed phenotypic differences between the wild-type and mutant versions of ARR4 can be attributed to the weak interaction between AHP1 and ARR4 mutants, we performed a Co-IP experiment using recombinant GST-AHP1 and HA-tagged ARR4 from a representative transgenic line for each (#2-2-ARR4-HA, #3-1-ARR4 D45A -HA and #3-1-ARR4 Y96A -HA). Since the phenotypic differences were observed in the presence of cytokinin, 14-day-old seedlings were treated with 10 nM BA for 45 min. GST-AHP1 showed reduced binding to mutated forms of ARR4 compared to the wild-type ARR4 (Fig. 6 ). The efficiency of pull-down was in the following declining order: ARR4-HA, ARR4 Y96A -HA and ARR4 D45A -HA, which is consistent with our yeast two-hybrid and BiFC results (Fig. 3b,e) .
The Co-IP data clearly indicate that a tight AHP1-ARR4 binding is critical for efficient progression of cytokinin signaling.
Discussion
Characterization of cytokinin signaling components and analyses of associated transcriptional networks have enhanced our understanding of the molecular functioning of the phosphorelay.
Nevertheless, structural knowledge of the key signaling steps is essential for a better understanding of the signaling pathways. Although, crystal structures of cytokinin signaling intermediaries, such as CKI RD (Pekarova et al., 2011) and AHK5 RD -AHP1 complex (Bauer et al., 2013) contributed significantly by providing structural snapshots of the HK RD and mode of phosphotransfer from AHKs to AHPs, interaction between AHPs and ARRs have not been studied structurally. The fact that transfer of phosphoryl group from AHPs to type-A ARRs is an essential step for negative regulation of cytokinin signaling further necessitates the structural examination of the interaction. Our study provides a computational model of AHP1-ΔARR4 complex and highlights how it can be used to understand the structurefunction relationship of the interactions between an Hpt and RR RD in higher eukaryotes.
The AHP1-ΔARR4 complex model provides significant insights into the mechanistic aspects of interaction between AHP1 with ARR4. It demonstrated that similar to other Hpt-RD complex structures, the conserved His79 from AHP1 and the 'phosphate-binding pocket'
from ARR4 are present in close proximity and hence can efficiently execute the phosphotransfer process (Fig. 1) . Model-based identification of amino acid residues of AHP1 from the interaction interface of AHP1-ΔARR4 complex revealed the presence of amino acids that are involved in hydrophobic interactions and hydrogen bond formation (Table S1 ). Furthermore, the destabilization of AHP1-ARR4 interaction caused by mutations in ARR4 at Asp45, Arg51, Tyr96, Pro148 and Lys150 positions have helped in highlighting the amino acid residues of ARR4 critical for its interaction with AHP1 (Fig. 3) . This was substantiated by the destabilization of AHP2-ARR5 interaction. Furthermore, OsHP1-OsRR6 interaction was similarly destabilized when the conserved Asp and Tyr residues were mutated ( Fig. 3) , thereby extending the validity of the study to a monocotyledonous species as well.
The poor rescue of hextuple knock-out plants by ARR4 D45A and ARR4 Y96A in the root elongation assay and ARR7 expression assay (Fig. 5) clearly indicated that the mutations, besides affecting the interaction ability of ARR4 with AHP1, also perturbed ARR4 functions.
The possibility that observed malfunctioning of ARR4 mutants could be due to structural aberrations caused by the mutations was invalidated by the ability of ARR4 D45A and ARR4 Y96A to interact with AHP1 (Fig. 3 ), suggesting that mutations had not affected the overall fold of ARR4. Also, predominant nuclear localization of ARR4 D45A -GFP and ARR4 Y96A -GFP, similar to ARR4-GFP (Fig. S2) showed that mutations had not disturbed the subcellular localization of ARR4. Moreover, comparable protein turnover rates of the wildtype and mutant forms of ARR4 clearly highlighted that mutations have not affected the stability of ARR4 protein (Fig 4) .
Our data of weakened interaction between AHP1 and ARR4 leading to altered root elongation response supports the view that a close and tight contact between the two signaling intermediates is critical for efficient phosphotransfer and mediating downstream functions. Similarly, earlier studies of SLN1 RD -YPD1 complex structures of yeast in the absence and presence of Mg 2+ and BeF 3-showed that YPD1 undergoes a rigid-body shift for alignment of conserved His within ideal distance of, and in linear O-P-N geometry with, conserved Asp of SLN1 RD for efficient phosphotransfer (Zhao et al., 2008) . Furthermore, substitution of a key Met in bacterial CheY 6 at the interface of CheA 3 P1-CheY 6 showed reduction in interaction and rate of phosphotransfer between them (Bell et al., 2010) . The Co-IP analysis in the present study showed that even after cytokinin treatment, there was only weak interaction between the mutant versions of ARR4 and AHP1 (Fig. 6 ), suggesting that this might be occurring in vivo as well and hence the resultant phenotype in ARR4 D45A and ARR4 Y96A mutants (Fig. 5) . Based on this, we can speculate that weaker interaction of ARR4 with AHP1 could result in slow rate of phosphotransfer resulting in the altered root elongation phenotype as shown in the model (Fig. 7) .
In conclusion, our data provide evidence for a link between AHP1-ARR4 interaction and ARR4-mediated cytokinin signal progression.. These findings highlight the intricacies of the mechanistic basis of phosphoryl group transfer from Hpt to RR and regulatory functions of Table S1 . Amino acid residues involved in AHP1-ΔARR4 interaction at 3.8 Å intermolecular distance. 
